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Abstract Sargassum horneri is one of the most important
contributors to the rafts of floating seaweed in the waters off
the coasts of northeastern Asia. These rafts serve as spawning
and nursery grounds for many marine organisms, including
Japanese saury and yellowtail. Thus, the details of the
attachment/detachment mechanisms of S. horneri are of com-
mercial significance for the aquaculture industry. Here, we
describe variations in the attachment strength of S. horneri
as it relates to its developmental stage and depth along a bot-
tom gradient. We measured the attachment strength/
dislodgement force of S. horneri samples with holdfast de-
tachment in Shidagaura Cove, Shimoda, Japan, from
December 2014 to May 2015. After we had determined the
dislodgement forces required to detach thalli from the substra-
tum (using a spring scale device) in the field, we transferred
released individuals to the laboratory and measured selected
morphological traits. Attachment strength was linearly related
to the holdfast basal area when thalli were immature (prior to
mid-March), but not when they were mature (mid-March to
May). Thus, attachment strength was maintained through the
reproductive phase and declined thereafter, allowing released
thalli to join the drifting raft community. Rafting may be a
mechanism by which the species expands its distribution
range, as floating thalli continuing to shed germlings that are
able to recruit when suitable habitat is encountered.
Attachment strengths were greater in the shallows than in
deeper water, reflecting the differences in wave forces experi-
enced at different depths.
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Introduction
Sargassum horneri (Turner) C. Agardh is an annual brown
seaweed species that is common along northwestern Pacific
coastlines. Germlings released from the receptacles settle on
different substrata in the spring–summer period and develop
into visible immature thalli in autumn to winter as rhizoids
grow forming holdfast and the lengths and weights of the
developing seaweed increase. Thalli mature in spring. Dense
forests develop on hard substrata, such as bedrock or boulders,
surviving from depths of 1–3 m (Umezaki 1984; Komatsu
et al. 2014). Populations grow down from the surface layer
into the subtidal zone, reaching depths >7 m. On the Sanriku
coasts of Japan, S. horneri forms stands of thalli that are at-
tached to the bottom to a depth of 7 m and float upward,
forming canopies on the sea surface (Komatsu et al. 2015).
When mature thalli reach maximum lengths in the spring–
early summer period, they are readily detached from the bot-
tom by wave action with or without their holdfasts. When the
holdfasts are torn off the substratum, the drag force created by
waves has exceeded the attachment strength of the holdfast
(Yoshida 1963). The thalli have many gas-filled vesicles that
provide buoyancy for the floating canopy. Detached thalli
float on the surface and often form rafts of tangled seaweed
(Komatsu et al. 2006). A large number of floating S. horneri
rafts occurred in the southern Yellow Sea drifting from south
to north (Cai et al. 2014), and they were shown by genetic
markers to be from Zhejiang province, China and Jiangling,
Korea (Chen et al. 2016).
Floating seaweed rafts provide important ocean habitats for
a diversity of fish (Senta 1986; Cho et al. 2001; Thiel and
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Gutow 2005). In the spring–early summer period, most of the
floating rafts on Japanese coastlines contain detached thalli of
S. horneri (Yoshida 1963; Ikehara 2004), and in the East
China Sea, the floating rafts contain only S. horneri fronds
(Komatsu et al. 2007, 2009, 2014; Mizuno et al. 2014), on
which commercially important pelagic fish lay their eggs.
These fish species include flying fish, Pacific saury
(Cololabis saira), and Japanese halfbeak (Hyporhamphus
sajori), which spawn egg-bearing filaments that attach to the
floating seaweed rafts (Komatsu et al. 2009). Juveniles of
yellowtail (Seriola quinqueradiata) and Japanese horse mack-
erel (Trachurus japonicus) find habitat in the floating seaweed
rafts (Senta 1986). The Japanese yellowtail aquaculture indus-
try captures these wild juveniles along with the floating rafts
they inhabit and uses them to stock rearing facilities. This
procedure is necessary because carnivorous juveniles of yel-
lowtail prevent marine farmers from rearing the species from
eggs. The farmers call yellowtail juveniles mojyako, mo and
jyako meaning seaweed and juveniles in the Japanese lan-
guage, respectively. A supply of floating S. horneri rafts is
crucial for this industry. Hence, information on the wave
forces required to detach the thalli is relevant to this form of
aquaculture.
Kawamata (2001) studied the dislodgement of Saccharina
japonica (Areschoug) Lane, Mayes, Druehl & Saunders on
wave-sheltered and wave-exposed coasts. He transplanted in-
dividuals from wave-sheltered areas to wave-exposed areas,
where thalli were quickly detached. Thus, the wave force en-
vironment experienced by seaweeds early in their life most
likely affects the strength of their attachment to hard substrata.
Sugawara et al. (1998) found that the attachment strength of
Eisenia bicyclis (Kjellman) Setchell in shallow water
exceeded that of Ecklonia cava Kjellman attached in deeper
water at the same study site. Sugawara et al. (1998) postulated
that the disparity in attachment strengths reflected differences
in wave force as a function of depths. Drag forces are greater
in shallower water. In an expectation that attachment strength
of S. horneri adapts to environment pressures, we examined
the attachment strength of S. horneri along a depth gradient.
Environmental conditions, such as storminess, season,
and water temperature, may affect the attachment
strength of algae. Milligan and DeWreede (2000) found
a statistically significant difference in the attachment
strengths of individuals of the intertidal seaweed species
Hedophyllum sessile (C. Agardh) Setchell in a pre-storm
group and those in a post-storm group. As storminess
changed by season, they concluded that there was a
seasonal effect on attachment strength that increased re-
sistance to storms. Thus, we postulated that the attach-
ment strength of S. horneri might change among growth
stages and months.
To improve our understanding of factors influencing the
supply of floating S. horneri rafts in the zones extending
seaward from the coast to offshore waters, we studied attach-
ment strengths of thalli as a function of growth stage, maturity
stage, and depth. The analyses were performed in situ.
Table 1 Dislodgement force category assignments for Sargassum






December 0 29 1 (data lost) 30
January 1 28 1 (aggregated heptera) 30
February 4 25 1 (substrate: crustacea
and coralline algae)
30
March 2 17 1 (attached to E. bicyclis
holdfast)
20
April 2 17 1 (data lost) 20
May 1 38 1 (data lost) 40
a Thallus dislodgement force data were used in the statistical tests
Fig. 1 Mean thallus lengths (cm) and wet weights (g), and dislodgement
forces (N) measured monthly from December 2014 through May 2015.
Values are means ± SD
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Materials and methods
Study site and sampling
The study site (34° 39′ 58″ N,138° 56′ 31″ E) was located in
Shidagaura Cove, Shimoda, Izu Peninsular, Japan, which con-
tains a wave-sheltered rocky shore close to the Shimoda
Marine Research Center, Tsukuba University. Field surveys
were conducted at intervals of ca. 1 month during the period
of 15 December 2014 through 28 May 2015. During each
survey, SCUBA divers randomly (random among thallus
length and depth) sampled ca. 20–40 individuals of S. horneri
that were attached at depths between 0 and 4 m below the
mean low tide level (MTL) in Shimoda Port.
The force required to dislodge each individual was deter-
mined with spring scales measuring to 5 or 10 kg. A piece of
twine was attached around each stipe immediately above the
holdfast and looped onto the scale spring. The twine was
pulled away from the rock surface until the holdfast released
or broke, as described by Sugawara et al. (1998). The scale
Fig. 2 Mean (± SD) (left
column), minimum (filled bar),
and maximum (open bar)
dislodgement forces (N) (right
column) measured along the
depth gradient from 0 to 4 m be-
low the mean tide level for each
month from December 2014
through May 2015
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pointer recorded the maximum force exerted, and this measure
was used as an indicator of the force required to: (i) dislodge
the holdfast or the substratum surface to which it was attached
or (ii) break the stipe or holdfast. This force was used as an
indicator of attachment strength. The water depth in which the
holdfast of each measured individual occurred was recorded
during the survey. Through morphological examination, we
classified dislodgement types into the following categories:
(1) main stipe with an entire holdfast and (2) stipe detached
from the substratum without a holdfast (Table 1). That main
stipe detached from the substrate without a holdfast was pre-
cluded from further statistical analysis.
Thalli collected by the divers were individually numbered
and transported to a laboratory where we obtained measure-
ments of linear size and the weights of the thallus. When a
whole holdfast or part of a holdfast remained on the substra-
tum after testing attachment strength, we removed it from the
substratum for measurements of area and weight. Samples
were kept at −30 °C in a freezer until they were analyzed.
After thawing, we measured thallus length from the bottom
of the holdfast to the top of the longest lateral branch (with an
accuracy of ±1 cm) using a 30-cm ruler. We used a balance to
measure the wet weights of the thalli (with an accuracy of
±2 g) after absorbing surface water with a paper towel. The
basal outline of each holdfast was drawn onto tracing paper
with a pencil and digitized using an image scanner (GT-X970,
Epson). The area of each holdfast was calculated using image
analysis software, ImageJ 6.4 (NIH, USA, http://imagej.nih.
gov/ij), following calibration with a square of known area
(5 cm×5 cm).
Statistical analyses
We used one-way ANOVA to detect significant differences in
measured attachment strength as a function of depth at 1-m
depth intervals. Data were log transformed to fit the assump-
tions of normality and homoscedasticity required by this para-
metric procedure. Pearson correlation was applied in relation-
ships among morphological traits and dislodgement force.
Results
Changes in dislodgement force by month
The mean force required for dislodgement of the samples
increased from December 2014 to April 2015 as thalli in-
creased in weight (Fig. 1). However, values decreased sharply
in late May 2015. The mean wet weight of the samples was
highest in April 2015 and declined rapidly in lateMay 2015 as
most of the larger thalli disappeared. The maximum attach-
ment strength in each month was stable (ca. 90 N). Two of the
attachment strengths in April were >100 N, but values for
most of the other samples in that month were ≤90 N and
similar to those in other months. The minimum attachment
strengths were in the range of 4.5 to 21.1 N (Fig. 2).
Dislodgement force variation across a depth gradient
Dislodgement force did not vary significantly with depth
(p>0.05, Table 2) (the ratio of between-group variance to
within-group variance was less than the statistical F variable
Fcrit (p=0.05), indicating that there was no statistically signif-
icant difference among depth groups). However, mean dis-
lodgement forces of the shallow samples tended to exceed
those in deeper water from December to May (Fig. 2). Both
maximum and minimum dislodgement forces seemed to in-
crease from December to February across the depth gradient.
Monthly changes in dislodgement force in relation
to thallus growth
Thallus length and wet weight had no relationship with dis-
lodgement force across months (Fig. 3). However, holdfast
basal area was linearly related to dislodgement force in
January and February, though not fromMarch toMay (Fig. 4).
Monthly changes in holdfast basal area across a depth
gradient
The mean monthly holdfast basal area of shallow water sam-
ples exceeded that of deeper samples from December to
March, but not in April or May (Fig. 5).
Table 2 One-way ANOVA testing for statistical differences in
dislodgement force along the depth gradient from December 2014 to
May 2015
Analysis of variance (one-way)
Stage Month Source of variation MS F p value F crit
Growth 15 December Between groups 0.20 2.72 0.11 4.24
Within groups 0.07
28 January Between groups 0.31 2.70 0.09 3.44
Within groups 0.11
25 February Between groups 0.02 0.33 0.57 4.32
Within groups 0.07
Mature 31 March Between groups 0.01 0.14 0.71 4.67
Within groups 0.05
28 Aprila Between groups 0.03 0.72 0.42 4.84
Within groups 0.04
28 May Between groups 0.36 0.51 0.60 3.29
Within groups 0.71
a Only measurements collected for depths of 1–2 and 2–3 m were includ-
ed in the analyses of thalli sampled on 28 April 2014 because the sample
size for the 0–1 m depth range on that date was too small for inferential
testing (two samples only)
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Discussion
Holdfast basal area was strongly related to dislodgement force
from December to February. Thallus length and wet weight
were not related to this force. The holdfast area in contact with
the substratum fastens the thallus in position and accounts for
the attachment strength of each individual. Kawamata (2001)
found that the holdfast wet weight of S. japonica in a wave-
exposed area was linearly related to attachment strength
(r2 = 0.57, p<0.05). Holdfast performance is crucial to the
ability of a seaweed to remain fastened in place on the bottom.
Holdfast wet weight is likely correlated with holdfast basal
area. We found that the attachment strength of S. horneri
was proportional to holdfast area.
Mikami (2007) set three permanent quadrats in an area of
Shidagaura Covewhere S. horneriwas dominant and tagged all
the stipes in each quadrat. She reported that mature stipes were
found in mid-March but disappeared in May. Accordingly,
Fig. 3 Relationships between
dislodgement force (N) and (i)
thallus length (cm) (left column)
and (ii) wet weight (g) (right
column) for each month from
December 2014 through
May 2015
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samples in the December–February period were classified as
immature and those occurring in the late March–May period
were classified as mature. Holdfast basal area was propor-
tional to attachment strength during the immature stage
(r2=0.53, p<0.001) (Fig. 6), and we consider this relation-
ship a morphological adaptation for thallus fixation.
S. horneri is an annual, dioecious species. Germlings are
released over several days (3–4 days at a water temperature of
Fig. 4 Relationship between
dislodgement force (N) and
holdfast basal area (cm2) for each
month from December 2014
throughMay 2015. Solid lines are
regression fits. Asterisk indicates
significant linear correlations in
January 2015 (r2 = 0.86,
p< 0.001) and February 2015
(r2 = 0.81, p< 0.001)
Fig. 5 Mean holdfast basal areas
(cm2) (open bar) (±SD) measured
along the depth gradient from 0 to
4 m below the mean tide level for
each month from December 2014
through May 2015
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20 °C) after fertilization of eggs in the female receptacles
(Koumoto and Tomiyama 1968). Koumoto and Tomiyama
(1968) found that 25–50 % of eggs were released onto the
surface of the receptacles during a first liberation period and
that the remaining eggs were released 2 weeks later. Tahara
(1913) reported that five egg release events occurred in S.
horneri at intervals of 7–12 days during an approximately 1-
month study on the Misaki Peninsular near Tokyo. Germlings
were released from female receptacles on several occasions
during the mature stage. The mean sedimentation velocity of
S. horneri germlings was ca. 0.5 cm s−1 (germlings are heavier
than seawater) (Okuda 1985). Since the receptacles were 3 m
above the bottom, the germlings took ca. 10 min to reach the
substratum with most settling around their parent thalli where
the substratum and other environmental conditions are likely
appropriate for growth and persistence. The fixation capability
of the germlings is a significant contributory factor in popula-
tion survival, but restricts the colonization of new habitats.
We found that holdfast basal area was not related to attach-
ment strength in the mature stage from April to May. Floating
adults and heavy germlings are common among Sargassum
species. Sargassum muticum (Yendo) Fensholt was acciden-
tally transported with seed oysters from Japan to France in the
1960s. Rueness (1989) reported that floating S. muticum rafts
occurred along the Skagerrak coastline of Norway in 1984;
individuals fixed to the bottom were not found until 1988.
Detachment and floating of mature thalli may be regarded as
a strategy for colonizing new territory, while germling fixation
is a strategy for persistence in the natal habitat. Seaweeds with
gas bladders commonly float out of the territories in which
they recruited. Hernández et al. (2006) reported that sporo-
phytes of drifting Macrocystis pyrifera (L) C. Agardh
remained fertile with high germination success as long as the
sori were present on the blades (sori persisted for 125 days).
Rafting bull kelp (Durvillaea antarctica (Chamisso) Hariot)
off north/central Chile was also found to be fertile (Tala et al.
2013).
In the early maturation stage, S. horneri stopped growing
and invested energy into reproduction through the production
of receptacles. Thalli remain fixed to the substratum. Hence,
the first germlings were able to attach near their parents. A
secure holdfast attachment is crucial at this phase. After re-
lease and fixation of early germlings, the attachment strength
of mature S. horneri was not maintained, although sexual
reproduction continued. Mature individuals started to lose
their fixation capability and were readily dislodged when
germling release had been completed. In late March, the indi-
viduals at our study site comprised a mixture of immature and
mature thalli (Mikami 2007), which obscured any relationship
between holdfast basal area and dislodgment force.
Most of the individuals had matured by April–May when
holdfast basal area was not related to attachment strength in
the Shidagaura Cove population. Attachment strength was
markedly lower in May than it had been in April. The popu-
lation in March contained individuals with no significant re-
lationship between holdfast basal area and dislodgment force
and others in which the two parameters were correlated; the
two groups comprised mature and immature thalli,
respectively.
Our dislodgment force measurements along the depth gra-
dient also reflected maturity status. During the immature
stage, attachment strength was highest in shallow water.
Stewart (2006) transplanted Turbinaria ornata (Turner) J.
Agardh between back reef and fore reef zones to investigate
the adaptation of this species to wave-exposed environments.
All of the samples transplanted from the back reef to the fore
reef disappeared, but samples transplanted in the reverse di-
rection were still alive when the experiment was terminated,
suggesting that attachment strengths were highest in thalli that
had developed in wave-exposed habitats. Kawamata (2001)
obtained similar results when S. japonica thalli attached to
plastic plates were transplanted between wave-protected and
wave-exposed sites. The attachment strengths of
Stephanocystis hakodatensis in wave-exposure sites exceeded
those in wave-protected sites (Kuwahara et al. 1999). Thus,
our findings were concordant with those of previous studies
and indicate that S. horneri adapts to wave forces by increas-
ing its holdfast attachment strength.
The force required to dislodge S. hakodatensis in
wave-exposed si tes ranged from 60 to 140 N
(mean = 100 N) (Kuwahara et al. 1999). Milligan and
Fig. 6 Relationship between dislodgement force (N) and holdfast basal
area (cm2) for immature and mature thalli (December 2014–February
2015 and March 2015–May 2015, respectively). Solid lines are
regression fits. Asterisk indicates significant linear correlation in the
immature stage (r2 = 0.67, p< 0.001)
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DeWreede (2000) measured similar dislodgement forces
(mean =∼100 N) for the intertidal seaweed H. sessile
(C. Agardh) Setchell. S. horneri generally grows in
wave-protected waters, where the disparity of maximum
and minimum dislodgement forces ranged from 67 to
85 N, varying by month. Our measurements were com-
parable to those of other studies that have examined
seaweed species living in the intertidal zone or at
wave-exposed sites. The lowest dislodgement forces that
we determined for S. horneri thalli were in the range of
4.5 to 21.1 N, varying by month. The dislodgement
forces required to release S. japonica at wave-protected
sites were also <20 N (Kawamata 2001). The thalli of
S. horneri are not especially robust considering the
large dimensions that they attain during a single grow-
ing season. This may explain the restricted occurrence
of the species to wave-protected waters (Marui et al.
1981; Umezaki 1984; Terawaki 1986; Sun et al. 2008).
In conclusion, this is a novel study of seasonal variation in
S. horneri attachment strength. During the immature stages of
growth, holdfast basal area was a major determinant of attach-
ment strength, required to prevent dislodgement by wave ac-
tion, but this was not the case when thalli were mature.
Tenacious attachment during reproduction ensures that
germlings settle close to parents where habitat conditions are
likely favorable for the species. Weak attachment at later
stages allows thalli to drift and potentially colonize new hab-
itats by releasing germlings during the rafting phase. Thus, the
species appears to have a strategy for persistence in its home
environment and another for increasing its distribution range.
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